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Abstract

Cells detached from the extracellular matrix (ECM) can trigger different modes of
cell death, and the survival of ECM-detached cells is one of the prerequisites for the
metastatic cascade. Ferroptosis, a form of iron-dependent programmed cell death,
has recently been found to be involved in matrix-detached cancer cells. However, the
molecular mechanisms by which ECM-detached cells escape ferroptosis are not fully
understood. Here, we observed that cell migration-inducing protein (CEMIP) upregu-
lation facilitates ferroptosis resistance during ECM detachment by promoting cystine
uptake in prostate cancer (PCa) cells. Meanwhile, silencing CEMIP causes it to lose
its ability to promote cystine uptake and inhibit ferroptosis. Mechanistically, the in-
teraction of CEMIP with inositol 1,4,5-trisphosphate receptor type 3 (ITPR3) modu-
lates calcium ion (Ca2+) leakage from the endoplasmic reticulum, activating calcium/
calmodulin-dependent protein kinase Il (CaMKIl), which further facilitates nuclear
factor erythroid 2-related factor 2 (NRF2) phosphorylation and nuclear localization,
leading to elevated transcription of solute carrier family 7 member 11 (SLC7A11),
a glutamate/cystine antiporter, in PCa cells. Our findings delineate a novel role of
CEMIP in ferroptosis resistance during ECM detachment and provide new insights

into therapeutic strategies for metastatic PCa.
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1 | INTRODUCTION

Prostate cancer (PCa), with an estimated 1.4 million new cases and
375,000 deaths occurring in 2020, is the second most diagnosed
malignant neoplasm in men worldwide.! Metastasis was found in 5%
of PCa cases at first diagnosis, with a 5-year survival rate of <30%.2°
PCa cells in primary tumors often metastasize to the lymph nodes
and distant organs, such as the bones, the lung, and the liver. These
sites generally display terribly low responsiveness to initial treat-
ment and have a high risk of post-treatment relapse.

Cancer cell survival after detachment from the extracellular
matrix (ECM) is one of the prerequisites for the metastatic cascade.
Further, resistance to anoikis, a form of apoptosis induced by cell
detachment, is crucial for the survival of ECM-detached cancer
cells.# Growing evidence has shown that different modus of cellu-
lar changes in response to ECM detachment may also be involved
in this procedure and induce cell death independent of anoikis.””
Consequently, understanding the survival mechanisms in addition
to anoikis resistance in ECM-detached cancer cells is essential for
the development of effective chemotherapeutic strategies to inhibit
tumor progression and metastasis.

Ferroptosis, a form of nonapoptotic cell death based on iron-
dependent accumulation of reactive oxygen species (ROS), was first
discovered by Dixon in 2012.8 ECM detachment can cause a series
of deleterious metabolic alterations, including a remarkable increase
in ROS levels.” Therefore, ferroptosis may be activated when cells
are detached from the ECM. Recent studies have shown that ECM
detachment can trigger ferroptosis and that upregulation of the inte-
grin a6p4 enables cancer cells to evade ferroptosis.’® The coopera-
tion of ANp63 with the B-cell lymphoma 2 protein inhibits oxidative
stress-induced ferroptosis and confers clonogenic survival against
matrix detachment.!* However, whether matrix detachment triggers
ferroptosis and how ECM-detached cells escape ferroptosis in PCa
remains unclear.

Here, we demonstrate that ECM-detached PCa cells undergo
ferroptosis, and detachment-resistant (DR) PCa cell models induced
by continuous suspension culture exhibit tolerance to ferropto-
sis. Cell migration-inducing protein (CEMIP) is significantly over-
expressed in DR PCa cell models and protects detached PCa cells
against ferroptosis. Accumulating evidence suggests that CEMIP
upregulation is related to cancer metastasis, cancer progression, and
poor prognosis.'21> However, the effect of CEMIP on ferroptosis in
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metastatic PCa is unknown. In the present study, we aimed to dis-
cover the underlying regulatory mechanism of CEMIP in ferroptosis
resistance during ECM detachment in PCa cells and to investigate

the mechanisms involved.

2 | MATERIALS AND METHODS

The detailed procedures for the cell viability assay and measure-
ment of intracellular ROS, malondialdehyde (MDA) and the ratio of
reduced glutathione to oxidized glutathione (GSH/GSSG), patient
tissue specimens, western blotting, nuclear and cytosolic protein
extraction, quantitative real-time polymerase chain reaction (qRT-
PCR), measurement of intracellular ferrous ion (Fe?*) and calcium
ion (Ca2+), immunofluorescence staining, transmission electron mi-
croscope (TEM), plasmid transfection, soft agar assay, invasion and
migration assays, luciferase reporter assay, co-immunoprecipitation
(Co-IP), and animal studies are described in the Supplementary
Materials and Methods.

2.1 | Cell culture and construction of the
detachment-resistant cells model

PC-3, DU145, and LNCaP cell lines were purchased from the Cell
Bank of the Chinese Academy of Sciences. All cell lines were cul-
tured in RPMI-1640 medium (Hyclone, GE Healthcare Life Sciences)
containing 10% FBS (Biologic Industries) and 1% penicillin/strepto-
mycin (Servicebio) under standard conditions (5% CO,, 37°C). The
method used to construct the DR cells model was consistent that
used in our previous studies.’® In general, parental cells were sus-
pension cultured in ultra-low-attachment six-well plates (Corning
Life Sciences) for 7 days and then transferred to normal plates for
continued adherent culturing for 2 days; the cells that re-adhered
were considered DR cells.

2.2 | Measurement of cystine uptake

Uptake of cystine was measured with BioTracker Cystine-FITC Live
Cell Dye (Sigma-Aldrich) using a previously reported method.'”
The pretreated cells were seeded on coverslips and incubated with

FIGURE 1 Death mechanism of PCa cells after detaching from extracellular matrix (ECM) involves ferroptosis. (A) CCK-8 assays depicting
the change in cell viability of parental prostate cancer (PCa) cells were treated with DMSO or ZVAD-FMK (10 uM) or Ferrostatin-1 (5 uM)

or ZVAD-FMK in combination with Ferrostatin-1 after suspended culture for 5 days. (B) Cell viability in parental and DR PCa cells were
treated with DMSO or erastin (10 uM) or erastin in combination with Ferrostatin-1 (5 uM) for 24 h. (C) Intracellular ROS of parental and DR
PCa cells were stained by DCFH-DA and determined by flow cytometry. (D, E) Concentrations of MDA and GSH/GSSH ratio were measured
in parental and DR PCa cells. (F, G) Intracellular cystine and Fe?* of parental and DR PCa cells were detected by using cystine-FITC and
FeRhoNox-1 fluorescent probe, respectively; confocal microscopy was used to record the fluorescence signal. Scale bars, 20 pm. (H) The
morphological changes of mitochondria were detected by TEM in parental and detachment-resistant (DR) PCa cells. Scale bars represent 2.5
and 1 um, respectively. Data are presented as representative images or as mean + SD from three independent repeats. *p < 0.05, **p < 0.01,

***p < 0.001
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complete medium for 24 h. After washing three times with choline
chloride buffer, cells were starved at 37°C for 30 min in the same
buffer. Then, cells were incubated with cystine-FITC (5 pM) in the
dark for 60 min. Finally, cells were washed with choline chloride
buffer three times and FITC fluorescence was detected using a Nikon

A1Si Laser Scanning Confocal Microscope (Nikon Instruments).

23 |

Immunohistochemistry

Immunohistochemical staining was undertaken as described previ-
ously,16 with antibodies specific for SLC7A11 (ProteinTech, 1:200
dilution). Four categories of staining intensity and their corre-

sponding scores as follows: negative (0), weak (1), moderate (2),
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2.4 | Statistical analysis

strong (3). H-scores were calculated to quantify the immunoreac-
tivity of tumor cells according to the following formula: (1x per-

centage of weak) + (2x percentage of moderate) + (3x percentage All statistical analyses were performed using GraphPad Prism

of strong). 9.0 software and were presented as the mean + SD. All in vitro
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FIGURE 2 Downregulation of cell migration-inducing protein (CEMIP) attenuates resistance to ferroptosis in detachment-resistant

(DR) prostate cancer (PCa) cells. (A) Western blotting analysis of CEMIP expression in the indicated DR PCa cells. (B) Indicated DR PCa
cells were treated with DMSO or erastin (10 uM) or erastin in combination with Ferrostatin-1 (5 uM) for 24 h, and cell viability was assayed
by CCK-8 assay. (C) Intracellular ROS of the indicated DR PCa cells were stained by DCFH-DA and determined by flow cytometry. (D, E)
Concentrations of malondialdehyde (MDA) and GSH/GSSH ratio were measured in the indicated DR PCa cells. (F, G) Intracellular cystine
and Fe?* of the indicated DR PCa cells were detected by using a cystine-FITC and FeRhoNox-1 fluorescent probe, respectively; confocal
microscopy was used to recorded the fluorescence signal. Scale bars, 20 um. (H) The morphological changes of mitochondria were detected
by transmission electron microscope (TEM) in the indicated DR PCa cells. Scale bars represent 2.5 and 1 um, respectively. Data are
presented as representative images or as mean + SD from three independent repeats. **p < 0.01, ***p < 0.001

experiments were repeated three times. The differences between
two groups were compared using Student’s t-test. Comparisons
among multiple sets of data were performed using ANOVA.
Survival analysis were conducted with the log-rank test. p < 0.05
was considered statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001).

3 | RESULTS

3.1 | Resistance to ferroptosis is required for
survival of extracellular matrix-detached prostate
cancer cells

To clarify whether ferroptosis is involved in the death mechanism of
PCa cells after detachment from the ECM, we seeded parental PC-3
and DU145 cells in ultra-low-attachment 96-well plates. Cells from
both cell lines were treated with the apoptosis inhibitor Z-VAD-FMK
(10 uM), the ferroptosis inhibitor Ferrostatin-1 (5 uM), or both. Both
Z-VAD-FMK and Ferrostatin-1 were able to improve the cell viability
rate separately. However, Z-VAD-FMK combined with Ferrostatin-1
showed the most significant increase in cell viability (p < 0.001)
(Figure 1A). This indicates that the death mechanism of PCa cells
after ECM detachment involves both apoptosis and ferroptosis.

To further investigate the influence of ferroptosis resistance
during ECM detachment in PCa cells, we established DR cell mod-
els using PC-3 and DU145 cell lines, as described previously.® The
CCK-8 assay showed that the ferroptosis inducer erastin (10 uM) re-
duced cell viability in both parental and DR cells. However, DR cells
were significantly more resistant to erastin than parental cells. In ad-
dition, Ferrostatin-1 was able to reverse the effect of erastin on cell
viability (Figure 1B).

Next, we observed ferroptosis-related changes under nonad-
herent conditions in both parental and DR cells. ROS and MDA
levels in DR cells were significantly lower than those in the pa-
rental cells (Figure 1C,D). The ratio of GSH/GSSG and the uptake
levels of cystine in DR cells were notably higher than those in their
parental counterparts (Figure 1E,F). No significant difference was
observed in the levels of Fe** accumulation among two groups
(Figure 1G). In addition, the differences in ferroptosis among pa-
rental and DR cells were also confirmed by transmission electron
microscopy (TEM). As shown in Figure 1H, compared with DR
cells, the mitochondria in parental cells were significantly smaller,
while the mitochondrial cristae were shorter or had completely

disappeared. These findings indicate that detachment from the
ECM can lead to ferroptosis in PCa cells. Further, resistance to
ferroptosis is required for the survival of PCa cells detached from
the ECM.

3.2 | Cell migration-inducing protein mediates
resistance to ferroptosis in DR prostate cancer cells

Using genome microarray assays, we previously found that CEMIP
was significantly overexpressed in DR PCa cells compared to their
parental cells.}® Western blotting analysis and quantitative real-
time polymerase chain reaction (qQRT-PCR) analysis further veri-
fied that the transcription level and protein level of CEMIP in DR
PCa cells were significantly higher than those of their parental cells
(Figure S1A,B). To evaluate whether CEMIP affects ferroptosis in
PCa cells after ECM detachment, we downregulated CEMIP by short
hairpin RNA in DR PC-3 and DU145 cells (Figure 2A). The CCK-8
assay revealed that, when treated with erastin, the cell viability of
the CEMIP-silenced (shCEMIP) group was dramatically lower than
that of the negative control (NC) group. Ferrostatin-1 was able
to restore the cell viability of the shCEMIP group (Figure 2B). We
also observed that CEMIP downregulation markedly improved the
levels of ROS and MDA (Figure 2C,D) and decreased the ratio of
GSH/GSSG and the cystine uptake levels (Figure 2E,F) in DR cells.
There were no significant differences in the intracellular Fe?* lev-
els between groups (Figure 2G). Consistent with these results, TEM
showed that, compared to the NC group, CEMIP downregulation re-
sulted in increased mitochondrial membrane density and smaller mi-
tochondria (Figure 2H). To fully understand the influence of CEMIP
on ferroptosis in PCa cells, we also stably overexpressed CEMIP in
parental PC-3 and DU145 cells. The results obtained were opposite
to those obtained via CEMIP downregulation in DR cells, as shown
in Figure S2. Collectively, downregulation of CEMIP attenuates re-
sistance to ferroptosis in DR PCa cells. However, overexpression of

CEMIP facilitates resistance to ferroptosis in parental PCa cells.

3.3 | Cell migration-inducing protein knockdown
impairs antioxidant capacity of detachment-resistant
prostate cancer cells by downregulating SLC7A11

As shown in Figure 3A,B, western blotting analysis and qRT-PCR
suggested that, consistent with CEMIP, the expression of solute
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FIGURE 3 Silence of cell migration-inducing protein (CEMIP) attenuates antioxidant capacity of detachment-resistant (DR) prostate
cancer (PCa) cells by downregulating SLC7A11. (A) Western blotting analysis of SLC7A11 expression in the indicated parental and DR PCa
cells. (B) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of the transcription levels of SLC7A11 in indicated parental and
DR PCa cells. (C) Western blotting to analyze the change of SLC7A11 caused by CEMIP knockdown in the indicated DR PCa cells. (D) gRT-
PCR to analyze changes in the transcription level of SLC7A11 caused by CEMIP knockdown in the indicated DR PCa cells. (E, F) Expression
levels of SLC7A11 comparison between prostate tumor samples and normal tissues from the TCGA,; (E) unpaired; (F) paired. (G) Expression
levels of SLC7A11 in prostate cancer patients with different Gleason scores from the TCGA. (H) Univariate Cox regression analysis of the
progress-free interval (PFl) in prostate cancer patients with different expression levels of SLC7A11 from the TCGA. (I) Western blotting
analysis of SLC7A11 expression in PCa tissues (N, normal tissues; T, tumor tissues). (J) Left panel, immunohistochemistry (IHC) analysis of
SLC7A11 expression difference between PCa tissues and corresponding pericarcinous specimens. Right panel, H-scores of SLC7A11 among
PCa tissues with different Gleason scores. (K) Intracellular cystine were detected by using a cystine-FITC fluorescent probe in the presence
of shCEMIP plasmids or 0eSLC7A11 plasmids or both shCEMIP plasmids and 0eSLC7A11 plasmids in the indicated DR PCa cells; confocal
microscopy was used to record the fluorescence signal. Scale bars, 20 um. (L) GSH/GSSH ratio was measured in the presence of shCEMIP
plasmids or 0eSLC7A11 plasmids or both shCEMIP plasmids, and 0eSLC7A11 plasmids in the indicated DR PCa cells. (M) Cell viability was

detected by CCK-8 assay in the indicated group. Data are presented as representative images or as mean + SD from three independent

repeats. *p < 0.05, **p < 0.01, ***p < 0.001

carrier family 7 member 11 (SLC7A11) in DR PCa cells was obvi-
ously higher than that in parental cells. Downregulation of CEMIP
by short hairpin RNA in DR PCa cells led to a remarkable decrease
of SLC7A11 expression (Figure 3C,D). Expression data and corre-
sponding clinical information of PCa patients (Table S3) extracted
from The Cancer Genome Atlas database (https://portal.gdc.can-
cer.gov/) showed that SLC7A11 was notably upregulated in PCa
tissues compared with normal tissues, both in the expression
analysis of unpaired samples and paired samples (Figure 3E,F).
The expression of SLC7A11 was positively associated with the
Gleason score of patients with PCa (Figure 3G). Finally, the influ-
ence of SLC7A11 expression on the progress-free interval in PCa
patients from TCGA was evaluated by univariate and multivariate
Cox regression analysis. We found SLC7A11 to be significant in
univariate Cox analysis but not significant in the multivariate Cox
model, including SLC7A11, Gleason score, T stage, N stage, and
M stage (Figure 3H, Table S4). The baseline characteristics for
PCa patients in the high and low SLC7A11 groups are shown in
Table S5. Western blotting analysis also verified that SLC7A11 was
upregulated in PCa tissues compared to matched normal tissues
(Figure 3l). Consistent with recent reports,*® immunohistochemis-
try (IHC) analysis of PCa specimens also confirmed that SLC7A11
expression in PCa tissues was higher than that in corresponding
pericarcinous specimens and that SLC7A11 H-scores were posi-
tively correlated with the Gleason scores in carcinoma tissues
(Figure 3J). These results suggested that SLC7A11 may be a major
downstream effector of CEMIP. To test this hypothesis, we per-
formed SLC7A11 rescue experiments in shCEMIP DR PCa and con-
trol cells. As shown in Figure S3, overexpression of SLC7A11 in DR
PCa cells reversed the reduction in SLC7A11 expression caused by
CEMIP knockdown. Further experiments confirmed that overex-
pression of SLC7A11 could significantly rescue the uptake level of
cystine and the ratio of GSH/GSSG induced by CEMIP knockdown
(Figure 3K,L). The CCK-8 assay revealed that overexpression of
SLC7A11 was able to reverse the decrease in cell viability caused
by CEMIP knockdown (Figure 3M). Silencing SLC7A11 reversed
the increased antioxidant capacity and cell viability induced by

CEMIP overexpression in LNCaP cells (Figure S4). Overall, these
results indicate that SLC7A11 mediates CEMIP-induced resistance
to ferroptosis in PCa cells.

3.4 | SLC7A11 rescues the progression of
shCEMIP detachment-resistant prostate cancer cells
in vitro and in vivo

To investigate the function of SLC7A11 on proliferation, inva-
sion, and migration of shCEMIP DR PCa cells, we performed res-
cue experiments in vitro. The soft agar assay indicated that the
anchorage-independent growth ability was weakened by CEMIP
knockdown. However, it could be rescued by SLC7A11 overexpres-
sion (Figure 4A). The transwell assay showed that overexpression
of SLC7A11 led to an increased capacity for migration and inva-
sion. Further, SLC7A11 overexpression could rescue the decreased
capacity of migration and invasion induced by CEMIP knockdown
(Figure 4B).

To further investigate the effects of CEMIP-mediated SLC7A11
on PCa metastasis in vivo, we established an athymic nude mouse
lung metastasis model by tail vein injection of fluorescent DR PC-3
cells. Lung tumor metastasis was monitored two months after
tail vein injection of the DR PC-3 cells. Bioluminescence imaging
showed that knockdown of CEMIP significantly decreased the num-
ber of pulmonary metastasis foci, and overexpression of SLC7A11
increased the number of pulmonary metastasis foci. In addition,
overexpression of SLC7A11 markedly reversed the decrease in the
number of pulmonary metastasis foci caused by CEMIP knockdown
(Figure 4C). Consistent with the above results, athymic nude mice
treated with a tail vein injection of DR PC-3 cells stably transfected
with a shCEMIP plasmid displayed better survival than the vector
group. Further, overexpression of SLC7A11 significantly reversed
the ascendant survival caused by CEMIP knockdown (Figure 4D).
Collectively, these results suggest that SLC7A11 mediates CEMIP-
induced promotion of proliferation, invasion, migration, and metas-

tasis in PCa.
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FIGURE 4 SLC7A11 rescues the invasion and metastasis of sShCEMIP detachment-resistant (DR) prostate cancer (PCa) cells in vitro and
in vivo. (A) Representative images (left panel) and quantification (right panel) of soft agar plates indicating anchorage-independent growth
of the DR PCa cells stably transfected as indicated. (B) Transwell analysis of the invasion and migration capability of DR PCa cells stably
transfected as indicated. Scale bars, 200 pm. (C) Representative image of metastatic lung colonization in nude mice (n = 5 per group) treated
with tail vein injection of DR PC-3 cells stably transfected as indicated. (D) Kaplan-Meier curves for nude mice. Data are presented as
representative images or as mean + SD from three independent repeats. **p < 0.01, ***p < 0.001

3.5 | Cell migration-inducing protein mediates the
expression of SLC7A11 by altering the subcellular
localization of nuclear factor erythroid 2-related
factor 2

To further explore the regulation of SLC7A11 by CEMIP, we focused
on the transcription factor nuclear factor erythroid 2-related fac-
tor 2 (NRF2), as it is the primary transcription factor that promotes
SLC7A11 transcription in response to oxidative stress.?2! NRF2 is
bound with Kelch-like ECH-associated protein 1 (KEAP1) and per-
sists in an inactivated state through ubiquitination and degradation
in the proteasome under basal conditions.???® However, during in-
creased oxidative stress, NRF2 is phosphorylated at serine 40 (540)
andis no longer degraded by ubiquitination.24 Once phosphorylated,
NRF2 translocates into the nucleus and activates the transcription
of antioxidant response element (ARE)-containing genes.?>2° As
shown in Figure 5A,B, although there was no difference in the tran-
scription levels of NRF2 between DR PCa cells and parental cells,
the protein levels and the phosphorylation levels of NRF2 were re-
markably higher in DR PCa cells than in parental cells. Meanwhile,
the protein levels of KEAP1 were not significantly altered. Both cell
lines were fractionated into cytosolic and nuclear fractions. In DR
PCa cells, NRF2 was more concentrated in the nucleus than in pa-
rental PCa cells (Figure 5C). Next, we silenced CEMIP in DR PCa cells
and found that, compared with control group cells, the protein levels
and the phosphorylation levels of NRF2 in shCEMIP DR PCa cells
were significantly reduced, and NRF2 was more translocated into
the cytoplasm. The transcriptional levels of NRF2 and the protein
levels of KEAP1 in PCa cells remained unchanged (Figure 5D-F).
Furthermore, the translocation of NRF2 between the cytoplasm and
nucleus was confirmed by immunofluorescence staining (Figure 5G).

To verify the transcriptional regulation of SLC7A11 by NRF2,
we used JASPAR? (http://jaspar.genereg.net) to identify the bind-
ing profile of NRF2 in Homo sapiens (Figure 5H). Next, as shown in
Figure 5I, we identified a canonical ARE upstream of the SLC7A11
transcription start site and cloned luciferase reporter constructs
into a pGL3 plasmid containing the putative ARE (ARE-wt-luc) or
its mutant (ARE-mut-luc). We also constructed NRF2(S40E) mutant
plasmids, in which the S40 site was replaced with glutamic acid to
mimic continual phosphorylation.?® Subsequently, we performed a
dual-luciferase assay to analyze promoter activity. As expected, ec-
topic NRF2(S40E) expression significantly activated ARE-wt-luc ac-
tivity. However, no activation of ARE-mut-luc activity was observed
upon overexpression of NRF2(S40E) (Figure 5J). These results sug-
gest that CEMIP promotes NRF2 phosphorylation and localization
to the nucleus, which in turn promotes transcription of SLC7A11.

3.6 | Activation of calcium/calmodulin-dependent
protein kinase Il result in cell migration-inducing
protein-mediated nuclear factor erythroid 2-related
factor 2 phosphorylation at serine 40

The decreased phosphorylation level of NRF2 is accompanied by
downregulation of CEMIP. However, CEMIP is a hyaluronidase
rather than a classic protein kinase.?? Studies have reported that
detachment from the ECM activates endoplasmic reticulum (ER)
stress, which leads to increased cytosolic Ca%* levels.'*3° Recently,
it was confirmed that CEMIP can interact with the ER receptor
inositol 1,4,5-trisphosphate receptor type 3 (ITPR3), a key player
in Ca®* signaling that mediates Ca®* leakage from the ER, leading
to elevated cytosolic Ca* levels.®*%2 To verify the interaction of
CEMIP and ITPR3 in parental PCa cells and DR PCa cells, we per-
formed a Co-IP experiment. As shown in Figure 6A,B, the inter-
action between CEMIP and ITPR3 in DR PCa cells was increased
compared to that in parental cells. The cytosolic Ca?* levels in DR
PCa cells were significantly higher than those in parental PCa cells
(Figure 6C). Furthermore, knockdown of CEMIP significantly de-
creased both the interaction between CEMIP and ITPR3 and the
cytosolic Ca%* levels in DR PCa cells (Figure 6D-F). Double im-
munofluorescent staining indicated that CEMIP and ITPR3 were
colocalized in the cytoplasm of DR PC-3 cells. However, this colo-
calization relationship could be significantly weakened by knock-
down of CEMIP (Figure 6G).

To further address the effect of CEMIP on cytosolic Ca?" levels,
we performed rescue experiments in parental PCa cells. As shown
in Figure 6H, overexpression of CEMIP significantly rescued the
inhibition of cytosolic Ca?* levels caused by the calcium chelator
BAPTA-AM (1 uM). Based on the above research results, we further
tested calcium/calmodulin-dependent kinase Il (CaMKIl) and its
phosphorylation level at threonine 286 (T286), as CaMKIl is a family
of multifunctional serine/threonine protein kinases, and phosphor-
ylated activation of CaMKII requires both Ca?* and calmodulin.®334
Western blotting analysis revealed that the phosphorylation level of
CaMKIl at T286 in DR PCa cells was remarkably higher than that in
parental cells. However, there was no obvious difference in the ex-
pression of CaMKII between the two groups (Figure 6l). Knockdown
of CEMIP in DR PCa cells did not affect the expression of CaMKII
but did reduce its activity (Figure 6J).

Next, to elucidate the regulation of CEMIP on CaMKIl and
to determine whether NRF2 was the major downstream effec-
tor of CaMKIl, we conducted a rescue experiment in parental
PCa cells using the CaMKII inhibitor KN-93 (10 uM) and CEMIP-
overexpression plasmids. Western blot analysis showed that the
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FIGURE 5 Cell migration-inducing protein (CEMIP) drives NRF2 translocate from cytoplasm to nucleus and furthermore promotes the
expression of SLC7A11. (A) KEAP1 protein, nuclear factor erythroid 2-related factor 2 (NRF2) protein, and its phosphorylation levels (p-
NRF2) in the whole cell lysate from the indicated parental and detachment-resistant (DR) prostate cancer (PCa) cells were assessed using
western blotting. (B) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of the transcription levels of NRF2 in indicated
parental and DR PCa cells. (C) Indicated parental PCa cells were subjected to nuclear and cytosolic fractionation, and NRF2 protein levels
were determined by western blotting. Lamin B1 and B-Actin were used as nuclear and cytoplasmic markers, respectively. (D) The protein
levels of NRF2, p-NRF2, and KEAP1 were assayed by western blotting in the indicated DR PCa cells transfected with empty plasmids or
shCEMIP plasmids. (E) gqRT-PCR to analyze changes in the transcription level of NRF2 caused by CEMIP knockdown in the indicated DR
PCa cells. (F) The NRF2 protein levels in cytoplasmic fraction and nuclear fraction from the indicated cells were analyzed using western
blotting. (G) NRF2 location in the indicated cells was observed using fluorescent microscopy. Scale bars, 20 um. (H) The positional matrices
for the human ARE sequences, JASPAR ID MA0150.1, which have been generated by the frequency at which these sites have been found
experimentally to be occupied by NRF2. (I) Schematic representation of the ARE in the SLC7A11 promoter and its mutant (AREmut). The
+1 denotes the transcription initiation site. (J) Luciferase assays performed using the control pGL3, ARE-wt, and ARE-mut constructs in
the indicated parental PCa cells transfected with empty vector or NRF(S40E) plasmids. Data are presented as representative images or as

mean + SD from three independent repeats. ***p < 0.001

depressed phosphorylation level of CaMKIl at T286 caused by
KN-93 could be restored by CEMIP overexpression (Figure 6K).
Furthermore, the inhibition of CaMKII activity by KN-93 was ac-
companied by a decrease in the phosphorylation level of NRF2
(Figure 6K). These results indicate that CEMIP activates CaMKII
by increasing the level of cytosolic Ca®, thereby promoting NRF2
phosphorylation in PCa cells.

4 | DISCUSSION

Previous studies have shown that cells under detached conditions
may undergo anoikis® and non-apoptotic cell death induced by
rectifying metabolic deficiencies.*3¢ Escape from anoikis and other
non-apoptotic cell death forms is a prerequisite for the metastatic
cascade of cancer cells.®” Although the underlying mechanism of
anoikis resistance acquisition in cancer cells has been extensively
researched, the mechanisms by which detached cancer cells es-
cape from non-apoptotic cell death, especially ferroptosis, remain
unclear. In this study, we identified the role and potential mo-
lecular basis of CEMIP on ferroptosis in ECM-detached PCa cells.
Compared with parental cells, DR PCa cells were less susceptible
to ferroptosis inducers. Knockdown of CEMIP decreases cystine
uptake and increases intracellular ROS, thereby triggering ferrop-
tosis in DR PCa cells under detachment conditions. In contrast,
overexpression of CEMIP compromises erastin-induced cell death
in parental cells under detachment conditions. Collectively, our re-
sults delineate a novel role of CEMIP in ferroptosis resistance dur-
ing ECM detachment, defining CEMIP as a promising therapeutic
target for metastatic PCa.

Our study links CEMIP expression to ferroptosis resistance
based on the induction of ferroptosis upon silencing of endogenous
CEMIP in ECM-detached DR PCa cells. Our results show that over-
expression of CEMIP protects parental PC-3 and DU145 cells from
ferroptosis under detachment conditions. Considering that CEMIP
can reduce ROS levels in ECM-detached PCa cells, we wondered

whether CEMIP regulates the expression of antioxidant-related

genes. System X_ is a membrane sodium-independent cystine/
glutamate antiporter. It is responsible for maintaining redox ho-
meostasis by exporting intracellular glutamate and importing ex-
tracellular cystine at a 1:1 ratio, cystine is subsequently reduced
to cysteine and used to synthesize the major antioxidant GSH.3&%?
Given the difference in the ratio of GSH/GSSG and the uptake
level of cystine between DR PCa cells and their shCEMIP group
cells, we speculated that CEMIP might regulate the expression
level of SLC7A11, which is the functional subunit of system X_.*°
We found that CEMIP promotes ferroptosis resistance by facili-
tating NRF2 phosphorylation and nuclear localization, leading to
elevated SLC7A11 transcription in PCa cells. Furthermore, in vivo
analysis confirmed that silencing of CEMIP inhibits metastasis
formation in a tail vein cancer metastasis mouse model; overex-
pression of SLC7A11 reversed this effect. Previous studies have
also found that CEMIP can promote metastasis of hepatocellular
carcinomas and brain tumors.***! NRF2 is a key oxidant defense
transcription factor.*? Several studies have revealed that phos-
phorylation and nuclear translocation of the NRF2 protein may
enhance the transcription of AREs of target genes under oxidative
stress conditions.**"*> The antioxidant effect of NRF2 can prevent
carcinogenesis in normal lung tissue but may accelerate malignant
cell growth after tumor initiation.*® NRF2 inducers, such as sul-
foraphane, can protect against prostate carcinogenesis in genetic
models.*” NRF2 activation is responsible for the increased resis-
tance to ER stress-induced apoptosis in PCa cells.*® The role of
NRF2 in tumor cell detachment from the ECM has not been exten-
sively studied. A few studies have found that NRF2 protein levels
increase after epithelial ovarian cancer cell detachment from the
ECM.%? AMP-activated protein kinase (AMPK) and activating tran-
scription factor 4 (ATF4) may induce the expression of NRF2 and
its target proteins, thereby sustaining cell survival following ECM
detachment.”°° Our study is the first to demonstrate that NRF2
activation protects ECM-detached PCa cells from ferroptosis by
promoting SLC7A11 transcription.

Cell migration-inducing protein localized in the ER is found to
mediate ER Ca?* leakage and ultimately increase cytosolic Ca%*
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FIGURE 6 Cell migration-inducing protein (CEMIP) mediates nuclear factor erythroid 2-related factor 2 (NRF2) phosphorylation

at serine 40 (540) by activating CaMKII. (A, B) Western blotting showing Co-IP of ITPR3 with anti-CEMIP antibody and reciprocal co-
immunoprecipitation of CEMIP with anti-ITPR3 antibody in the indicated parental and detachment-resistant (DR) prostate cancer (PCa)
cells (upper panel, PC-3 cells, lower panel, DU145 cells). The lysate immunoprecipitated with anti-immunoglobulin G antibody served as
negative control. (C) Cytosolic Ca?* levels of the indicated parental and DR PCa cells were detected by Fluo-4 AM fluorescent probe. (D,

E) After the indicated DR PCa cells were transfected with empty plasmids or shCEMIP plasmids, the whole cell lysates were subjected to
immunoprecipitation using anti-CEMIP antibody, followed by immunoblotting (IB) with anti-CEMIP and anti-ITPR3 antibody. Reciprocal

IP was performed using anti-ITPR3 antibody, followed by IB with anti-CEMIP and anti-ITPR3 antibody. The lysate immunoprecipitated
with anti-immunoglobulin G antibody was served as negative control. (F) Cytosolic Ca?* levels of the indicated DR PCa cells transfected
with empty plasmids or shCEMIP plasmids were detected by Fluo-4 AM fluorescent probe. (G) Double immunofluorescent staining
revealed the changes of colocation relationships between CEMIP and ITPR3 proteins in the indicated PCa cells. Scale bars, 20 um. (H) The
indicated parental PCa cells were transfected with empty plasmids or oeCEMIP plasmids, then treated with calcium chelator BAPTA-AM

(1 pM) or DMSO for 24 h, and respective cytosolic Ca?* levels were detected by Fluo-4 AM fluorescent probe. (I) CaMKII expression and
its phosphorylation levels (p-CaMKIl) in the whole cell lysate from the indicated parental and DR PCa cells were assessed using western
blotting. (J) The expression of CaMKII and p-CaMKII were assayed by western blotting in the indicated DR PCa cells transfected with empty
plasmids or shCEMIP plasmids. (K) The indicated parental PCa cells were transfected with empty plasmids or oeCEMIP plasmids, then
treated with CaMKIl inhibitor KN-93 (10 pM) or DMSO for 24 h. Western blotting analysis the expression of CEMIP, CaMKII, p-CaMKII,
and p-NRF2 in different groups. Data are presented as representative images or as mean + SD from three independent repeats. **p < 0.01,
***p < 0.001

' FIGURE 7 A scheme for cell migration-
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levels.*®'* Ca?*, an important intracellular messenger, is involved in NRF2 phosphorylation at S40 and nuclear localization, leading to

different cellular processes linked to cancer, such as the cell cycle,
apoptosis, and autophagy.”® Increased intracellular Ca®* levels can
activate different kinases, including MAPK,>? PKC,'* and CaMKI1.%®
A previous study identified ITPR3 as an CEMIP-interacting protein
in colon cancer by immunoprecipitation and mass spectrometry.>?
ITPR3 is a Ca®* release channel that resides in the membranes of
the ER, which is extremely important for intracellular Ca?>* homeo-
stasis.> The present study revealed that the interaction of CEMIP
and ITPR3 led to ER Ca?* leakage and increased cytosolic Ca?* lev-
els in ECM-detached PCa cells, subsequently activating CaMKII.
Furthermore, functional studies revealed that CaMKIl facilitates

elevated SLC7A11 transcription in PCa cells.

In summary, our results highlight that ferroptosis is involved
in the detachment of PCa cells from the ECM. Overexpression of
CEMIP promoted ferroptosis resistance by activating the ITPR3/
CaMKII/NRF2/SLC7A11 pathway (Figure 7), thereby providing new
insights into the development of therapeutic strategies for meta-
static PCa. However, our understanding of other potential mecha-
nisms responsible for CEMIP-mediated ferroptosis resistance under
detachment conditions is far from complete. Further research is
required to understand the complete mechanistic basis of the ob-
served effects.
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